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(54) VASCULAR PROSTHESES 



(71) We, Imperial Chemical 
Industries LiMrrED, Imperial Chemical 
House, MiUbank, London SWIP 3JF a 
British Company do hereby declare the inven- 
5 tion, for which we pray that a patent may be 
granted to us, and the method by which it is 
to be performed, to be particularly described 
in and by the following statement: 

This invention relates to tubular products, 

10 particularly to vascular prostheses, and to 
methods of making these. 

Our UK Patent 1 527 592 describes the pro- 
duction of products comprising fibres by the 
electrostatic spinning of organic materials. 

1 5 The process of electrostatic spinning in- 
volves the introduction of a liquid into an 
electric field, whereby the liquid is caused to 
produce fibres which tend to be drawn to an 
electrode. While being drawn from the liquid 

20 the fibres usually harden, which may involve 
mere cooling (where the liquid is normally 
solid at room temperature, for example), 
chemical hardening (for example by treatment 
with a hardening vapour) or. evaporation of 

25 solvent (for example by dehydration). The 
product fibres may be collected on a suitably 
located and shaped receiver and subsequently 
stripped from it. 

We have found that tubular products ob- 

30 tained by the electrostic spinning method of 
the aforementioned patent application find 
particular use as synthetic blood vessels 
(vascular prostheses) which may be employed 
for example to replace damaged blood vessels 

35 in the mammalian body. Such vascular pros- 
theses typically have at least a tubular portion 
of internal diameter up to 3 cm. 

Accordingly, the invention provides a 
vascular prosthesis comprising fibres prepared 

40 by electrostatically spinning an organic material 



and formed into a tube by collecting the spun 
fibres on a suitably shaped mandrel, the 
prosthesis comprising a tubular portion having 
a bore of maximum internal cross-sectional 
dimension up to 3 cm. Pteferably the 45 
internal diameter will be 0.3 to 3 cm, more 
preferably 0.5 to 2 cm and still more pre- 
ferably 0.8 to 1.5 cm. 

The vascular prosthesis of the invention will 
usually be in the form of a simple tube having 50 
a bore of circular cross-section and of sub- 
stantially constant diameter along its length. 
However, the diameter of the bore may vary, 
regulariy or irregularly, e.g. the bore may taper 
or it may include constrictions, and/or the 55 
cross-sectional appearance of the bore may de- 
part from the circular, for example it may be 
oval or rectangular or any other shape as may 
be appropriate. When the bore departs from the 
circular, the dimensions referred to above will 60 
be the maximum dimensions. The exterior of 
the prosthesis may follow the contour of the 
bore, or it may be of different configuration. 

The prosthesis may comprise reinforcing 
components which may, for example, be cir- .65 
cular, spiral or longitudinal, and may be rigid, ' 
elastic, flexible, or partially flexible (e.g. in a 
predetermined direction). However, it is usually 
preferred that the material is reinforced, for 
example by applying to one surface of the pro- 70 
duct a reinforcing layer, which itself may be 
electrostatically spun, or by incorporating 
reinforcement within the wall of flie product 
itself. Thus, electrostatically spun products 
may be reinforced by incorporating within the 75 
wall thereof a web which may be woven or 
non-woven, or an alternative arrangement of 
fibres. We particulariy prefer to employ as rein- 
forcement a helix of suitable fibre, said helix 
being located within the walls of a tubular pro- 80 
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duct comprising electrostatically spun fibrous 
material. Although it is usual to enclose the rein- 
forcement within the wall material we do not 
exclude the possibility of applying it to a sur- 
5 face of the product where its presence will not 
be disadvantageous. The thickness of reinforce- 
ment will be influenced inter alia by the thick- 
ness of the wall, the location of the reinforce- 
ment and the reinforcement strength required. 
10 In general the thickness of the reinforcement will 
be less than that of the wall, although where 
the reinforcement lies at a surface of the wall 
and may project therefrom the thickness of the 
reinforcement may be thicker than that of the 
1 5 waD, Generally the thickness of the reinforce- 
ment (or of reinforcing fibres) will be of the 
order of 0.1 to 10 times the thickness of the 
waU, preferably 0.2 to 0.8 times. 

Suitable reinforcing materials include 
20 metallic, polymeric or glass fibre. 

The configuration of the prosthesis will be 
such tot it fulfils the physical requirements 
of its function, for example it may have a con- 
figuration such that its attachment to an ad- 
25 jacent vessel is facilitated, or it may be such 
that flexure of the vessel is encouraged or 
restricted in certain directions. 

The prostheses according to the present in- 
vention may be spun from a solution of or a 
30 dispersion of a polymer or its precursors. Poly- 
mers which may be conveniently spun from 
solution include high molecular weight fibre 
forming polymers; in particular we would men- 
tion polyurethane, polyamides and polyacry- 
35 lonitrile. Polymers which may conveniently be 
spun from dispersion include polytetrafluoro- 
ethylene and polyesters as well as those listed 
above. As an example of a polymer precursor 
which may be spun from solution we mention 
40 urea formaldehyde vdiich may be cross-linked 
subsequent to spinning by treatment with acid 
vapour. 

Water soluble polymers, e.g. polyvinyl 
alcohol, polyvinyl pyrrolidone, and polyethy- 

45 lene oxide, may be spun from aqueous solu- 
tion. While we do not exclude the possibility 
that prostheses prepared from such materials 
may be used as prepared, preferably such pros- 
theses are given at least a degree of insolubility 

50 in aqueous medium e.g. by cross-linking with a 
suitable reagent. 

Where the prostheses are spun from a dis- 
persion the spinning material comprises pre- 
ferably also a solution of an additional com- 

55 ponent which acts to enhance the viscosity of 
the suspension and to improve its fibre forming 
properties. Most convenient for this purpose, 
we have found, is an additional organic com- 
ponent which subsequent to fibre formation, 

60 can, if desired, be destroyed during sintering. 
The use of such an additional organic com- 
ponent to influence viscosity and/or fibre 
forming when spinning from solution may also 
be advantageous. 

65 The preferred spinning material, then, is a 



solution or suspension which preferably com- 
prises an organic polymer in an amount such 
that it is capable of forming a fibre and has 
cohesion properties such that the fibre form 
is retained during any post fibreization harden- 70 
ing unt^ the fibres has hardened sufficiently 
not to lose its fibrous shape on detachment 
from a support where this is appropriate. 

The admtional organic component, where 
it is used, need be employed only in a re- 75 
latively small proportion (usually within the 
range 0.001 to 12% and preferably 0.01 to 3%) 
by wei^t of the suspension, although the pre- 
cise concentration for any particular application 
can easily be determined by trial 80 

The degree of polymerisation of the ad* 
dltional organic component is preferably greater 
than about 2000 units linearly ; a wide range of 
such polymers is available. An important re- 
quirement is solubility of the polymer in the 85 
selected solvent or suspending medium which is 
preferably water. As examples of water-soluble 
polymeric compounds we may mentioned 
polyethylene oxide, polyacrylamide, polyvinyl 
pynolidone and polyvinyl alcohol ; where an 90 
organic medium is employed to prepare the 
spinning material, either as the sole liquid sol- 
vent or as a component thereof, a further wide 
range of organic polymeric compounds is 
available, for example polystyrene and poly- 95 
methybnethacrylate. 

The degree of polymerisation of the poly- 
mer will b€ selected in the light of required 
solubility and the ability of the polymer to 
impart the desired properties of cohesion and 100 
viscosity to the fibreizable liquid. 

We have found that generally the viscosity 
of the fibreizable liquid whether due solely to 
the presence of the fibreizable liquid polymer 
or partly contributed to by the additional 105 
organic polymer should be greater than 0.1 but 
not greater than 1 50 poise. Preferably it is be- 
tween 0.5 to 50 poise and more preferably be- 
tween 1 and 10 poise, (viscosities being 
measured at low shear rates). The viscosity, re- 1.10 
quired using a given additional organic polymer 
wiU vary with the molecular wei^t of the 
polymer, i.e. the lower the molecular weight 
the hi^er the final viscosity needed. Again, as 
the molecular weight of the polymer is in- 115 
creased a lower concentration of it is required 
to give good fibreization. Thus, as examples we 
would mention that in the preparation of poly- 
tetrafluoroethylene tubes we have found that 
using a polyethylene oxide of MW 100,000 as 120 
the additional organic polymer a concentration 
of about 12% by weight relative to the FIFE 
content is needed to give satisfactory fibrei- 
zation, whereas with a MW of 300,000 a con- 
centration of 1 to 6% may be adequate. Again, 125 
at a MW of 600,000 a concentration of 1 to 
4% is satisfactory, while at a MW of 4 x 10* 
a concentration as low as 0.2% may give good 
fibreization. 

The concentration of the fibreizable poly- 1 30 
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mer will depend upon the amount required to 
provide adequate fibre properties, and will be 
influenced also by the need to produce a liquid 
of appropriate viscosity and speed of fibre 
5 hardening. Thus in the case of a dispersion we 
may use a concentration within the range 25% 
w/w to saturation, (in the case of a dispersion, 
•saturation* means the maximum concentration 
which may be included without destroying the 

10 useful spinnability of the liquid) preferably 40 
to 70% and more preferably 50 to 60%, and in 
the case of a solution we may use a concen^ 
tration within the range 10 to 60% w/w, pre- 
ferably 20 to 35% w/w. 

15 It uill be appreciated that the concentration 
of the components must each be adjusted to 
take account of the presence and concentration 
of any other and their relative effects upon 
viscosity, etc, 

20 The degree of polymerisation of the polymer 
v^ll be selected hi the light of required solu- 
bility and the ability of the polymer to impart 
the desired properties of cohesion and viscosity 
to the fibreizable liquid. 

25 Any convenient method may be employed 
to bring the spinning material into the electro- 
static field, for example we have supplied tfie 
spinning liquid to an appropriate position in the 
electrostatic field by feeding it to a nozde 

30 from which it is drawn by the field, whereupon 
fibreization occurs. Any suitable apparatus can 
be employed for this purpose; thus we have fed 
the spinning material from a syringe reservoir 
to the tip of an earthed syringe needle, or 

35 plurality of needles, the tips being located at 
an appropriate distance from an electrostatically 
charged mandrel. Upon leaving the needle the 
material forms fibre between the needle tip and 
the mandrel. 

40 The optimum distance of the nozzle from 
the mandrel is determined quite simply by trial 
and error. We have found, for example that using 
a potential of the order of 20 Kv a distance of 
5-35 cm is suitable, but as the charge, nozzle 

45 dunensions, liquid flow rate, charged surface 
area etc. are varied so the optimum distance 
may vary, and it is most conveniently deter- 
mined as described. 

The prosthesis may be obtained by spinning 

50 upon a mandrel of suitable shape. Where ap- 
propriate the mandrel may be made removable 
from within the spun prosthesis for example 
by collapsing the mandrel (e.g. by using an in- 
flatable mandrel), by dissolution (where a 

55 mandrel comprising a suitably soluble material 
has been used), or by melting. The mandrel may 
be made from any of a variety of materials. A 
metallic former is preferred and aluminium is 
particularly preferred. In particular it may be 

60 mentioned that a polyurethane tube is pre- 
ferably peeled from an aluminium mandrel 
while an aluminium mandrel may be dissolved 
in sodium hydroxide solution to remove it 
from within a PTFE tube. To facilitate peeling 

65 a polyurethane tube from an aluminium man- 



drel, the latter may be conveniently covered 
with a layer of flexible polyurethane foam. 

The electrostatic potential employed wiSl 
usually be within the range 5 Kv to 1000 Kv, 
conveniently 10-100 Kv and iwreferably 70 
10-50 Kv. 

The prosthesis may be of any of a variety of 
shapes, appropriate to its intended function. 
Thus it may for example be, as already de- 
scribed, a simple straight tube, or it may be 75 
bent or curved, it may form a loop, or an 
anastomosis, or it may bifurcate. In all such 
cases, however, at least a portion of the 
prosthesis will be in the form of a tube having 
the dimension set out above. 80 

The thickness of the wall of the prosthesis 
may vary within wide limits, and will be m- 
fluenced inter alia by the strength and/or 
elasticity which is desired in the product. Again 
the thickness may be different in different 85 
parts of the prosthesis. However, we prefer that 
a substantial portion of the wall should be of 
the thickness of the order of 0.5 to 5 mm, more 
preferably 1 to 3 mm. 

The actual dimension of the prosthesis will, 90 
of course, be selected in the light of its intended 
functbn and location, and of course they may 
be prepared upon a mandrel of correspon^g 
dimensions and configuration. 

The use of fibres of small diameter, e.g. 0. 1 95 
to 10 micron and particularly 0.4 to 10 
micrbn is preferred and preferably at least the 
part of the prosthesis adjacent the bore wOl be 
porous, preferably having the majority of pores 
of the order of 5 to 25, preferably 7 to 15 100 
microns in diameter. 

The preferred prostheses comprise fibres of 
an appropriate polyurethane selected from the 
wide range of materials available on the basis 
of ease of fabrication, lack of toxicity, solu- 105 
bility, mechanical properties, degree of bio- 
degradabiUty, etc. While it is preferred that a 
completely polymerised polyuretlwne dissolved 
in a suitable solvent (together Vidth other 
additives as required) is used as the spinning 1 1 0 
solution we do not exclude the possibility of 
spinning incompletely polymerised polyure- 
thane, completion of polymerisation being ef- 
fected during or after spinning. Thus for exam- 
ple it is possible to spin an incompletely poly- 1 1 5 
merised polyurethane product onto an in- 
flatable mandrel in one configuration, inflate 
the mandrel to stretch the formed product, for 
example to increase its porosity to a desired 
degree, and then to cure the product in its ex- 120 
panded condition. 

Products having different properties may be 
obtained by adjusting their composition, for 
example by spinning a liquid containing a 
plurality of components, each of which may 125 
contribute a desired characteristic to the fini- 
shed product, or by simultaneously spinning 
from different Uquid sources fibres of different 
composition which are simultaneously deposited 
to form a layer having an intimately intermin- 1 30 
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gled mass of fibres of ditTerent material. A fur- 
ther method is to produce a product having a 
plurality oflayers of different fibres (or fibres 
of the same material but with different charac- 

5 teristics e.g. diameter) deposited, say, by 
varying with time the fibres being deposed upon 
the receiving surface. One way of effecting 
such a variation, for example, would be to have 
a moving mandrel passing in succession sets of 

10 spinnerets from which fibres are being electro- x 
statically spun, said fibres being deposited in 
succession as the receiver reaches an appropriate 
location relative to the spinnerets. 

To allow high production rates, hardening of 

1 5 the fibres should occur rapidly and this is 
facilitated by the use of concentrated fibreizing 
liquids (so that the minimum liquid has to be 
removed), easily volatile solvents (for example 
the liquid may be wholly or partly of low 

20 boiling organic liquid) and relatively high 
temperatures in the vicinity of the fibre forma- 
tion. The use of a gaseous, usually air, blast, 
particularly if the gas is warm, wfll often ac- 
celerate hardening of the fibre. Careful direc- 

25 tion of the air blast may also be used to cause 
the fibres, after detachment, to lay in a desired 
position or direction. 

The following example illustrates the inven- 
tion 

30 EXAMPLE 1 

The preparation of a prosthesis is illustrated in 
the figure. A mandrel in the form of an axially 
rotating aluminium tube of 1 .5 cm diameter 
(10) was charged to 50 Kv and a 12% solution 

35 of polyurethane ("Daltermold" 338E) in 
dimethyl formamide was electrostatically spun 
on to the tube through a bank of 24 needles 
(one only shown, for clarity) at the rate of 1 
gm/needie/hour. The tube (1 1) produced has a 

"K) wall thickness of 2 mm consisting in the main 
of 0.5 ii diameter fibres bonded where they are 
contacted. 

The tube was implanted by suturing into 
the descending aorta of a pig. After 6 months 

45 the graft was examined and showed a well at- 
tached thin intina, intramural capillary growth 



and a firmly attached adventitial layer. There 
was no thrombosis. 
WHAT WE CLAIM IS:- 

1. A vascular prosthesis comprising fibres 50 
prepared by electrostatically spinning an or- 
ganic material and formed into a tube by col- 
lecting the spun fibres on a suitably shaped 
mandrel, the prosthesis comprising a tubular 
portion having a bore of maximum internal 55 
cross-sectional dimension up to 3 cm. 

2. A vascular prosthesis according to claim 
1 having a bore of maximum internal cross- 
sectional dimension of 0.3 to 3 cm. 

3. A vascular prosthesis according to claim 60 
1 or 2 in which the fibres comprise a polyure- 
thane. 

4. A prosthesis according to claim 1, 2 or 3 
in which the fibres are of diameter 0.1 ^ to 

10 m. 65 

5. A prosthesis according to any one of the 
preceding claims in a configuration shape which 
is not a straight line. 

6. A prosthesis according to claim 5 in the 
form of a loop, an anastomosis or bifiircation. 70 

7. A prostiiesis according to any one of the 
preceding claims, a substantial portion of the 
wall having a thickness of 0.5 to 5 mm. 

8. A prosthesis according to any one of the 
preceding daims comprising reinforcement not 75 
formed by electrostatic spinning. 

9. A prosthesis substantially as hereinbefore 
described. 

10. A method of preparing a vascular pro- 
sthesis as claimed in claim 1 comprising the step 80 
of electrostatically spinning a fibre forming 
composition^ and forming a tube by collecting 

the fibres so formed onto a suitably shaped 
mandrel. 

11 . A method according to claim 10 in 
which the composition is a polyurethane. 

1 2. A method of preparing a vascular pro- 
sthesis as claimed in claim 1 and substantially 
as hereinbefore described. 

90 

B J BATE 
AGENT FOR THE APPLICANTS 
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